Abstract. Monazite (LREEPO 4 ) is a radiogenic, rare-earth bearing mineral commonly used for geochronology. Here we examine the control of major element chemistry in influencing the crystallization of monazite in granites (Salihli and Turgutlu bodies) and garnet-bearing metamorphic assemblages (Bozdag and Bayindir nappes) from the Menderes Massif, western Turkey. In S-type granites from the massif, the presence of monazite correlates to the CaO and Al 2 O 3 content of the whole rock. Granites with monazite only are low Ca (0.6-1.8 wt% CaO). As CaO increases (from 2.1-4.6 wt%), allanite [(Ce,Ca,Y) 2 (Al,Fe 3+ ) 3 (SiO 4 ) 3 (OH)] is present. Higher Al 2 O 3 (>15 wt%) rocks contain allanite and/or monazite, whereas those with lower Al 2 O 3 contain monazite only. However, examining data reported elsewhere for A-type granites, the correlation between major element chemistry and presence of monazite is likely restricted to S-type lithologies. Pelitic schists of the Menderes Massif show no correlation between major element chemistry and presence of monazite. One Bayindir nappe sample contains both prograde garnets and those affected significantly by diffusion. These rocks have likely experienced a complicated multi-stage tectonic history, which influenced their current mineral assemblages. The presence of monazite in a metamorphic rock can be influenced by the number, duration, and nature of events that were experienced and the degree to which fluids were involved. The source of monazite in the Bayindir and Bozdag samples was likely reactions that involved allanite. These reactions may not have significantly changed the bulk composition of the rock.
Introduction
Due to its stability over a wide range of pressure-temperature (P-T) conditions, mineral assemblages, and whole rock concentrations, monazite (LREEPO 4 ) is an important mineral for geochronology. The mineral is found most commonly in alkaline and peralkaline plutons (e.g., Schärer and AllPgre 1983; Montero et al. 1988; Kovalenko et al. 1995; Conceicao 2000; Dostal et al. 2004; Xie et al. 2006) . Although rarely reported, monazite can also exist in basalts (e.g., Hlava 1974) , notably on the Moon (Lovering et al. 1974; Kartashov et al. 2006) . Monazite is an economically important constituent of carbonatites (e.g., Viladkar 1998; Kim et al. 2005; Kanazawa and Kamitani 2006) often as a late stage mineral (Wall and Mariano 1996) . In metamorphic lithologies, monazite is often reported in rocks that have experienced conditions coincident with the garnet isograd (Smith and Barreiro 1990) or clinopyroxene isograd (Bingen et al. 1996) , but the mineral can also exist from very low (<270-300°C; e.g., Krenn and Finger 2007; Rasmussen et al. 2007; Janots et al. 2007 ) to ultra-high temperatures (>900°C; Santosh et al. 2006; Suzuki et al. 2006) .
Monazite is common in sediments and sedimentary rocks (e.g., Kapoor et al. 1977; Chen et al. 2006; Yang et al. 2006) as evidenced by radioactive monazite sands that pose health hazards in India (e.g., Jaikrishan et al. 1999) , Turkey (Örgün et al. 2007) , and Brazil (deMoura et al. 2002) . Although mineral stability in sediments is dependent on a number of factors (e.g., Milliken 2007), monazite has been found to be more stable than staurolite or chlorite in sandstones (Barakat et al. 1993) . Detrital monazite provides valuable information regarding provenance, as it can be dated, is compositionally variable, and forms in a variety of lithologies (e.g., Morton and Hallsworth 1994; Evans et al. 2001; Kusiak et al. 2006; Yang et al. 2006) .
Monazite has long been thought to be unstable in pelitic schists during diagenesis (e.g., Overstreet 1967; Smith and Barreiro 1990; Akers et al. 1993; Kingsbury et al. 1993; Harrison et al. 1997) . Monazite has been said to be "essentially unknown in low-grade pelitic rocks that contain detrital zircon" (Akers et al. 1993 ) and "will break down" during low-grade metamorphism of pelites (Overstreet 1967; Kingsbury et al. 1993 ). However, diagenetic/ /authigenic monazite has been reported in the Welsh Basin, UK (Evans and Zalasiewicz 1996; Lev et al. 1998; 2000; Evans et al. 2002; Wilby et al. 2007) , the Shisanlitai Formation of Liaoning Province, China (Song 1999) , the Soanesville Group, Pilbara Craton, NW Australia (Rasmussen et al. 2007) , and the lower Belt-Purcell Supergroup in western North America (GonzBlez-Alvarez et al. 2006) . Experiments with synthetic monazite suggest the mineral can found to be stable at <250°C (Janots et al. 2007) .
Monazite ages from metamorphic and igneous rocks are often vital pieces of information about the tectonic history of areas that serve as examples for plate tectonic processes. For example, Pliocene monazite grains from the Main Central Thrust zone in the Himalayas constrain models for the evolution of the range (Harrison et al. 1997; Catlos et al. 2001 ). Monazite from several major shear zones in the Alps formed at disparate times, helping to constrain episodic movement or fluid flow within the structures (e.g., Vavra and Schaltegger 1999; Hermann and Rubatto 2003) . Monazite ages of granites located in the Carpathians lend important insight into complicated tectonic and magmatic history of the region (e.g., Finger and Broska, 1999; Finger et al. 2003) . Monazite is dated to time compression (e.g., Harrison et al. 1998; Claesson et al. 2001; Catlos et al. 2001; Dahl et al. 2005) , extension (e.g., Gilotti and McClelland 2005; Catlos and Çemen 2005; Kaur et al. 2006) , even strike-slip events (e.g., Schärer et al. 1994; Gilley et al. 2003; Murphy and Copeland 2005) .
In recent years, monazite dating has proliferated perhaps due to developments in a variety of techniques and instrumentations (Fig. 1 ). Many researchers have discussed which tool is best to use, whether it be an ion microprobe (e.g., DeWolf et al., 1993; Harrison et al. 1995; Grove and Harrison 1999) , electron microprobe (e.g., Suzuki et al. 1991; Montel et al. 1996; Williams et al. 1999; Jercinovic and Williams 2005; Pyle et al. 2005; Williams et al. 2007 ), or laser-based mass spectrometry (e.g. Machado and Gauthier 1996; Poitrasson et al. 1996; Simonetti et al. 2006) . Particle-induced X-ray emission (PIXE, e.g., Martin 1980) has also been applied to monazite geochronology (e.g., Bruhn et al. 1999; Mazzoli et al. 2002; Lekki et al. 2003; Vaggelli et al. 2006; . Aliquots of monazite separated from rocks have long been dated using conventional thermal ionization mass spectrometry methods (e.g., Tilton and Nicolaysen 1957; Schärer and AllPgre 1983) .
In this paper, we seek to evaluate a common question that arises regarding the paragenesis of monazite to aid those using the mineral in their pursuit to address geologically important problems. This is: does a rock's major element chemical composition (i.e., CaO, Al 2 O 3 , Fe 2 O 3 ) control the presence of monazite in igneous and metamorphic assemblages? This apparently simple question requires answers prior to linking monazite ages to tectonic events or using the mineral to ascertain rates. To help answer this question, we obtained geochemical data from metamorphic and igneous assemblages of the Menderes Massif in western Turkey.
Geologic background of the Menderes Massif
The Menderes Massif is one of several Aegean metamorphic core complexes (Fig. 2) . Understanding the geochronologic and thermobarometric history of its rocks provides information about the large-scale geodynamic processes that facilitate extension in the Earth's lithosphere. The region experienced a set of tectonic events, including compression during the Cambro-Ordovician and Eocene, followed by large-scale extension during the Oligocene (Fig. 3) . Metamorphic rocks are further divided into a series of nappes, exposed via warping, exhumation, and/or extension (Dora et al. 2001; Gessner et al. 2001; Ring et al. 2001; Regnier et al. 2007) . The Bayindir nappe is structurally lowest, and consists of shelf sediments metamorphosed to lower greenschist faces during the Cenozoic (Gessner et al. 2001 ). In the overlying Çine and Bozdag nappes, Precambrian deformation and metamorphism are evident from eclogites (600-650 Ma), migmatites (540-550 Ma), and post-deformational plutons (540-560 Ma) (e.g., Satir and Friedrichsen 1986; Loos and Reischmann 1999; Gessner et al. 2004) . The Çine nappe is comprised of amphibolite to granulite facies ortho-and paragneisses intercalated with metabasite (Gessner et al. 2001; Sengun et al. 2006) , whereas the Bozdag nappe is characterized by amphibolite-facies garnet-mica schists. These units are interpreted as Pan-African in origin, but with a Cenozoic greenschist (Gessner et al. 2001 ) to amphibolite-grade metamorphic overprint (Catlos and Çemen 2005). This study focuses on rocks collected along the central Menderes Massif's north-dipping Alasehir detachment (Figs. 3 and 4). The structure is located along the northern margin of central Menderes metamorphic core complex and exposes garnet-bearing schists and gneisses of the Bayindir and Bozdag nappes intruded by the Salihli and Turgutlu granites (Hetzel et al. 1995a; Glodny and Hetzel 2007) . The granites that intrude the detachment are separated by an E-W distance of~50 km and were likely affected by low-to mid-greenschist facies conditions during ductile deformation during the Late Miocene (Hetzel et al. 1995a (Hetzel et al. , 1995b Isik et al. 2003; Glodny and Hetzel 2007) .
Sample collection and mineral assemblages
Samples EB01, EB02, EB03, EB05, and CC20 were collected from the Salihli granite and samples EB06, EB08A, EB08B, EB09A, and EB09B were collected from the Turgutlu granite (Table 1 ; Fig. 4) . Overall, the Salihli samples contain Qtz + Pl + Kfs +Bt + Ap + Zrn ± Ilm ± Chl ± ± Ms ± Px ± Aln ± Ep ± Xtm ± Mnz ± Th ± Ttn ± Rt ± Hem ± Cld ± Htn (abbreviations after Kretz 1983). Only Salihli sample CC20 has monazite. Chloritoid was found in Salihli samples CC20 and EB05. Turgutlu samples contain Qtz + Pl + Kfs +Bt + Ms + Ap + Mnz + Zrn ± Chl + Ilm + + Xtm ± Aln ± Rt ± Ttn ± Sil ± Hem. Fibrous sillimanite was found only in Turgutlu sample EB09B. All granites analyzed are S-type, subalkalic, and peraluminous. All Salihli samples are granodiorites, except CC20, which is a leucogranite. Turgutlu rocks can be classified on the basis of their chemistry as granodiorites, monzogranites, or syenogranites. For simplification, we refer to them as "granites." All Salihli samples contain allanite, except CC20A, which contains monazite. Several garnet-bearing rocks (sample numbers have MM abbreviations) were collected from the Bayindir and Bozdag nappe located in close proximity to the Salihli granite (Table 1 ; Fig. 4 ). These samples contain Grt + Qtz + Ms ± Bt ± Pl ± Mnz ± Rt ± Chl ± Ap ± Ilm ± Tur ± Zr ± Aln ± ± Py ± Xtm ± St ± Hem ± Th ± Gr. Bozdag samples (MM26 and MM28) differ from Bayindir rocks in that they have staurolite. All samples were imaged using backscattered electrons (BSE) and some monazite grains were X-ray element mapped (Y, U, Th, Ca) using an electron microprobe. Operating conditions for the element maps were a probe current of 120-200 nA, beam size of~2 mm, and count-times of~30-35 ms. Operating conditions for imaging and compositional analyses were an accelerating voltage of 15 kV and a beam current of~20 nA. Whole rock fusion ICP analyses were obtained from all metamorphic rocks and granites in this study from Activation Laboratories; compositions are reported in Tables 2-4. Detection limits are 0.01% for all major elements, except MnO and TiO 2 , which are 0.001%. Reported analytical uncertainties are better than ±1%.
Monazite and whole rock compositions
As monazite is found in a wide variety of igneous and metamorphic rocks, several researchers have questioned if the presence of the mineral could be based on the rock's bulk composition. In granites, monazite has been reported to form at low Ca activity, whereas allanite, a radiogenic rare-earth epidote-group mineral, precipitates at higher Ca levels (e.g., Lee and Dodge 1964; Cuney and Friedrich, 1987; Broska and Siman 1998; Broska et al. 2000) . Monazite may be more typical of S-type, Ca-poor or peraluminous granitoids than in I-type lithologies (see Snetsinger 1967; Parrish 1990; Broska and Siman 1998; Meyer et al. 1994) . To ascertain if monazite is unstable at specific CaO wt% levels (i.e., 1.4-1.8 wt%, Lee and Dodge 1964; Lisitsina et al. 1965; Cuney and Friedrich 1987) , we obtained geochemical data from the Salihli and Turgutlu granites exposed in western Turkey (Tables 2 and 3 ; also Glodny and Hetzel 2007) .
We include backscattered electron (BSE) images of allanite from the Salihli and Turgutlu granites in Fig. 5 . Turgutlu allanite grains are typically anhedral with diffuse boundaries, filling cracks or crystal faces within other minerals, typically K-feldspar (Fig. 5) . In contrast, Salihli allanite grains are zoned, euhedral to subhedral, and can be significantly affected by radiation damage. These allanite grains often contain inclusions of other minerals, including zircon, apatite, and quartz. Radiation-damage induced cracks in the Salihli allanite are often filled by re-crystallized material, suggesting the presence of a fluid phase. Recently, 16.1±0.2 Ma U-Pb ages were reported from aliquots of allanite separated from the Salihli granite (Glodny and Hetzel 2007) . The BSE images suggest that the precise ages reported for allanite from the Salihli samples should be interpreted with caution. X-ray element maps (Y, U, Th, Ca) and high resolution BSE images were obtained from monazite grains located in Salihli sample CC20 (Fig. 6 ) and Turgutlu rocks EB08A (two grains; Fig. 7) , and EB08B and EB09A (Fig. 8) . Zoning patterns and elemental distributions within monazite have been used to reconstruct stages of geologic and tectonic processes (e.g., Williams and Jercinovic 2002). Mapped monazite grains are located in plagioclase (EB08A, EB09A), biotite (EB08A, CC20), or quartz (EB08B). The Salihli monazite (CC20) has a darker core and lighter rim in BSE, with patches of bright material located around its rim (Fig. 6) , whereas Turgutlu monazites show muted, patchy, sector, or oscillatory zoning. The zoning in the BSE images correlates to the grain's distribution of Th (e.g., EB09A, CC20) or U (e.g., EB08B). Turgutlu monazites show similar zoning in U and Y. For example, monazite grains mapped in EB09A, EB08A, and EB08B have low Y and U cores and high Y and U rims. This cannot be generalized to the CC20 Salihli monazite, as this grain has a high Y and low U core and a low Y and high U rim. Some monazite grains have inclusions of apatite (EB08B, EB09A; Fig. 8 ) or appear to be surrounded by a high Ca phase (CC20, Fig. 6 and EB08A; Fig. 7) . The high Ca regions surrounding the monazite in CC20 and EB08A are located near cracks or regions of bright contrast in BSE. Sample numbers are indicated. Abbreviations after Kretz (1983) Alasehir detachment granites display a range of SiO 2 contents that range from 65.25 wt% (our data; Table 2 ) to 77.16 wt% (Glodny and Hetzel 2007) , and show roughly linear trends in major element-SiO 2 variation diagrams. Their CaO, MgO, Fe 2 O 3 (total), MnO, Al 2 O 3 , TiO 2 , and P 2 O 5 wt% decrease with increasing SiO 2 contents, whereas their Na 2 O and K 2 O wt% are scattered, but generally increase. The Turkish granites with allanite are characterized by higher Ca, as evidenced in a R1 [4Si-11(Na+K)-2(Fe+Ti)] vs. R2 [6Ca+2Mg+Al] diagram (De la Roche 1980) (Fig. 9) . Compared with rocks with monazite only, granites from Turkey with allanite only contain higher CaO (4.00±0.30 wt% vs. 0.95±0.41 wt%) and higher Al 2 O 3 (16.0±0.4 wt% vs. 14.1±1.1 wt%; Fig. 9 ). Monazite can persist at higher Ca and Al contents, as illustrated by sample EB06, which contains both monazite and allanite and has 3.75 wt% CaO and 15.96 wt% Al 2 O 3 (Table 3 ). This rock is compositionally similar to EB01 and EB05, which both contain allanite only. Monazite grains in EB06 are small (~10-50 mm) and are either rounded or are part of reaction textures in contact with apatite and huttonite (Fig. 10) .
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The generalization that monazite and/or allanite will crystallize at a certain Ca activity for all granitic lithologies is not valid. For example, we compare our dataset to A-type granites exposed in eastern China ( Fig. 9 ; Wu et al. 2002; Qiu et al. 2004; Xie et al. 2006 ). These A-type granites show an opposite relationship to the Turkish samples in a R1 vs. R2 diagram, with allanite found in rocks with lower R2 values than those with monazite only (258±29 vs. 301±26; Fig. 9 ). The peralkaline A-type granites with allanite from SE China average 0.5±0.2 wt% CaO, whereas aluminous granites with monazite average 0.6±0.2 wt% (Qiu et al. 2004) . Monazite may be present in S-type granites with higher CaO contents, but no correlation is found in A-type lithologies. The debate regarding bulk chemical control on the presence of monazite and/or allanite in metamorphic rocks has been ongoing (e.g., Fitzsimons et al. 2005; Rasmussen et al. 2006) . Ca and Al activities are invoked to control the crystallization of monazite at the biotite isograd (e.g., Wing et al. 2003) . Compositionally identical assemblages will contain either monazite or allanite depending on metamorphic grade (Smith and Barreiro 1990; Kingsbury et al. 1993 ). However, monazite could crystallize at significantly different times (as much as >100 m.y. apart) in rocks that experience similar metamorphic conditions, but differ in Fe and Mg contents (Fitzsimons et al. 2005) . Some find no correlation between the presence of metamorphic monazite and whole rock compositions (e.g., Rubatto et al. 2001) . The assumption that the presence of monazite in a pelitic schist may be solely related to a rock's bulk composition during metamorphism has significant implications for those seeking to use the mineral to time tectonic events (see Rasmussen et al. 2006) .
To address this issue, we obtained geochemical information from garnet-bearing Bayindir and Bozdag nappe rocks from western Turkey (Table 1 and 4). Some samples (MM40, MM39, and MM36) contain allanite coexisting with monazite (Table 1 ; Fig. 11 ), suggested to be rare (Krenn and Finger 2007) . In Menderes Massif rocks, allanite is commonly observed in contact with monazite ( Fig. 11 ; see also Catlos and Çemen 2005). Using the geochemical data alone, no assumptions can be made about the presence of monazite or allanite in the metamorphic rocks analyzed in this study (Fig. 12) . For example, the idea that higher CaO content stabilizes allanite at the expense of monazite is incorrect, as sample MM45 contains monazite and has~7.04 wt% CaO. Monazite in MM45 are small (10-30 mm-sized) ahedral grains that have a frayed edges and irregular boundaries. The large amount of Ca present in this sample suggests the rock may have been subjected to fluid interaction and alteration, an idea supported by petrographic observations and BSE images (Fig. 11) .
The Bayindir rocks likely experienced a range of P-T conditions and may have been metamorphosed more than once. For example, sample MM48 contains garnets of varying size, with larger subhedral garnets in mica-rich layers and smaller euhedral garnets in the coarse-grained quartz veins (Fig. 13) . Compositional traverses were made from rim to rim across two garnets in this rock. The larger subhedral garnet shows characteristic prograde zoning, with a bell-shaped zoning profile in spessartine that decreases from 0.059 mole fraction in the core to 0.006 mole fraction at the outermost rim. Fe/(Fe+Mg) decreases from 0.905 in the core to 0.864 at the rim, consistent with growth under increasing T. Grossular content is flat (0.154±0.011 mole fraction) and pyrope steadily increases from core to rim (from 0.074 mole fraction to 0.114). These observations sharply contrast with the zoning profiles of a smaller, euhedral garnet located <9 mm away in the same thin section. This garnet shows characteristic retrograde zoning, with a u-shaped zoning profile in spessartine that increases from 0.016±0.007 mole fraction in the core to 0.036 mole fraction at the outermost rim. In this garnet, Fe/(Fe+Mg) increases from core to rim (from 0.829 to 0.901). Both grossular and pyrope sharply decrease at the rims (e.g., from 0.090 to 0.062 mole fraction grossular and from 0.139 to 0.090 mole fraction pyrope). We speculate the garnets MM48 formed during different tectonic events and through different reaction histories.
The metamorphic assemblages from the Menderes Massif demonstrate that no correlation exists between the presence or absence of monazite and whole rock major element compositions. The larger garnet was located <9 mm away from the smaller grain. Tick marks are plotted on the almandine traverses; the each tick corresponds to the location of an analysis.
The length of the tick has no statistical significance
The presence of monazite in a metamorphic rock can be influenced by the number, duration, and type of metamorphic events that were experienced, as well as the degree to which fluids were involved. Monazite in some of the Bayindir and Bozdag samples are commonly seen in contact with allanite (Fig. 11; Catlos and Çemen 2005) , indicating that the source of monazite in these rocks was likely reactions that involved allanite. These reactions may not have significantly changed the rock's bulk composition.
Discussion
Geochemical and petrological analyses of igneous and metamorphic assemblages from western Turkey indicate that whole rock composition alone cannot delineate the presence of monazite and/or allanite. Monazite is present in S-type Menderes Massif granites at lower CaO and Al 2 O 3 contents, a trend consistent with the observations of numerous researchers. However, applying this generalization to all granites is invalid, as A-type granites do not show the same relationship (Fig. 9) . The presence of monazite in granitic rocks is likely influenced by factors that distinguish S-and A-type granites, such as the magma differentiation path, temperature of melt, and/or tectonic setting. The correlation seen in S-type granites with Ca and Al contents and monazite stability may be the result, rather than the control, disguising the true nature of other important influences that create monazite in igneous lithologies. Ca-rich phases (e.g., apatite) are present in Menderes Massif S-type granites that contain monazite (Figs. 7 and 8 ). Monazite grains that were element mapped show increases in Ca at rims and in cracks (Figs. 6 and 7) , suggesting the possible presence of Ca-rich fluids that may act to trigger dissolution/reprecipitation reactions.
Monazite may form a variety of reactants (see Catlos et al. 2002 for a review; Kohn and Malloy 2004) and under different P-T conditions, depending on mineral assemblage, duration of metamorphism, presence or absence of fluids, and available reactants. Sample MM48 illustrates the complicated tectonic history experienced by the metamorphic assemblages of the Menderes Massif, as it contains garnets of opposite zoning. The events that transpired to create this rock would likely be represented by monazite present in the sample. However, this rock's whole rock composition is not especially useful for understanding its geologic history.
We suggest that prior to interpreting any monazite age, assumptions must be made regarding (1) the reactant that formed the monazite grain, (2) a rock's cooling or P-T history, (3) peak P-T conditions, (4) tectonic environment, (5) duration of metamorphism, and (6) interaction with fluids. Knowledge about the timing of events (diagenetic, tectonic, magmatic) occurring elsewhere and relying on other geochronologic constraints (apatite fission track, 40 Ar/ 39 Ar geochronology, U-Pb zircon ages) are required. In situ techniques to chemically analyze and date monazite (i.e., electron microprobe, ion microprobe) facilitate understanding of the geochronologic results. Considerable insight can be made regarding the rates and mechanisms of plate tectonics using monazite as a geochronometer. However, the mineral's presence in igneous and metamorphic rocks is not controlled solely by major element chemistry. and M. Cemal Göncüoglu. MM samples were collected with assistance from Halil Kahraman and the people in
